Background: Significant fluid retention is common after cardiac surgery with the use of cardiopulmonary bypass (CPB). The aim of the study was to evaluate the effects of hypertonic saline-hydroxyethyl starch (HS-HES) solution on fluid accumulation in patients undergoing coronary artery bypass grafting surgery (CABG). Methods: Fifty adult male patients undergoing coronary bypass surgery were enrolled in this interventional, randomized, double-blinded study to compare HS-HES with saline solution. The study fluid (250 mL) was given into the venous reservoir of the CPB circuit at the time of aortic declamping. Results: Body mass change from the baseline to the first postoperative morning was significantly less in the HS-HES group compared with the control group (3.3 ± 1.5 kg vs. 4.4 ± 1.5 kg, P = 0.022). In the extracellular water (ECW) or ECW-balance, there were no significant differences between the groups. The need for fluids and diuretic medication did not differ between the groups during the perioperative period. Conclusions: Our study shows that 250 mL of HS-HES solution can reduce perioperative fluid accumulation to some degree in patients undergoing CABG surgery with CPB.
Fluid retention on the first postoperative morning after cardiac surgery is more a rule than an exception. The main reason for this is extravasation of intravascular fluid through the vascular endothelium, especially during extracorporeal circulation. A healthy vascular endothelium is coated by the endothelial glycocalyx. The glycocalyx binds plasma proteins forming an endothelial surface layer of 500 to 1000 nm in the microvasculature. This layer maintains the physiologic permeability barrier and prevents leukocyte and platelet adhesion which, in turn, inhibits inflammation and tissue oedema [1] . Bruegger et al. [2] have shown evidence for an acute destruction of the endothelial glycocalyx in patients undergoing aortic surgery. Cardiopulmonary bypass (CPB) decreases plasma colloid osmotic pressure increasing extravasation of the fluids during cardiac surgery and CPB.
In order to ensure adequate tissue perfusion, sufficient intravascular volume needs to be maintained despite extravasation. Profuse fluid administration is often necessary to achieve this. Weaning from CPB after declamping of the aorta is a time point where fluid administration is usually required. This has also harmful effects: highly positive fluid balance has been associated with a longer length of hospital stay in cardiac surgery patients [3] .
Hypertonic saline (HS) infusion creates an osmotic gradient across the cellular membrane. Because osmolality is the driving force of water distribution, the fluid is shifted from the intracellular space into the extracellular space after HS infusion [4] . Similarly, increased intravascular osmolality after HS infusion draws fluid into the intravascular space. HS causes direct renal vasodilatation and increases the glomerular filtration rate, also increasing fluid excretion through the kidneys [5] . The benefit of high intravascular osmolality is short-lasting as a result of the redistribution of fluid between the intravascular, intracellular and interstitial spaces. The effect can be lengthened by adding a colloid component into the solution [6] .
In this study, we aimed to test the hypothesis that 7.2% NaCl in hydroxyethyl starch (HES 200/0.5) given after aortic declamping can reduce fluid retention. Primary endpoints were the changes in body weight and whole-body impedance-derived extracellular water from the baseline to the first postoperative morning. Secondary endpoints were the need for fluids and diuretic medication during the perioperative period.
Methods
Ethical approval for this study was provided by the local ethical review board (the Ethical Committee of Pirkanmaa Hospital District, Tampere, Finland). This study was conducted according to the Declaration of Helsinki. Randomization with a computer-generated randomization table was performed by a study nurse not involved in the study. Blocks of four were used to minimize the effect of any possible changes in routine patient care during the study period. The study nurse also opened the sealed opaque envelopes and prepared the study fluid with an opaque cover ensuring that the investigators, as well as all medical and nursing staff involved in patient care were blinded to the group assignment.
Patients undergoing coronary elective artery bypass grafting surgery with the use of cardiopulmonary bypass were enrolled in this study. Exclusion criteria were chronic hyponatraemia, significant renal dysfunction (glomerular filtration rate less than 30 mL min -1 per 1.73 m -2 BSA) and pulmonary artery catheter use (pulmonary hypertension or left ventricular ejection fraction < 40%).
An investigator explained the study protocol to the patients. After obtaining written informed consent from the patients, they were randomized to receive either 250 mL of 7.2% NaCl in hydroxyethyl starch (HES 200/0.5) (Hyperhaes ® , Fresenius Kabi) (HS-HES group) or 250 mL of NaCl 0.9% (Natriumklorid Braun 9 mg mL -1 ) (control group). The study fluid was given into the venous reservoir of the cardiopulmonary bypass circuit for a period of 30 minutes, beginning 10 minutes before the anticipated time of aortic de-clamping.
A whole-body impedance cardiography device, namely a CircMon B202 (JR Medical Ltd, Tallinn, Estonia), was used for the measurement of extracellular water (ECW), heart rate (HR), cardiac index (CI), left cardiac work index (LCWI), systemic vascular resistance index (SVRI), and stroke index (SI) [7] . Measurements were performed before the induction of anaesthesia, one hour after the end of surgery (intubated) and before mobilization on the first postoperative morning (i.e. 17-20 hours after the end of the operation).
Blood samples for analysis of plasma Na and N-terminal pro-BNP (NT-pro-BNP) were drawn preoperatively and on the first postoperative morning. The measurement of NT-pro-BNP was performed using an electrochemiluminescence immunoassay (ECLIA) with an Elecsys ® 2010 immunoassay analyser (Roche Diagnostics GmbH, Basel, Switzerland). Blood samples for the analysis o f haematocrit and pH were drawn preoperatively, one hour after the end of surgery and on the first postoperative morning. Haematocrit and pH were analysed with Gem premier 3,000 (Instrumentarium Laboratory, Helsinki, Finland). All patients were weighed with a calibrated scale in the sitting position on the ward before the operation and on the first postoperative morning. The weight of the chest tubes and monitoring equipment was supported by a nurse during weighing.
General anaesthesia was induced and maintained with sufentanil and propofol. Cisatracurium was used to facilitate tracheal intubation and for muscle relaxation. There was no predefined dosing protocol for anaesthetic medication. A roller pump with a non-pulsatile flow at 2.0-3.0 L min -1 m -2 and a membrane oxygenator were used. The CPB circuit was primed with Ringer´s acetate. Cold blood antegrade and retrograde cardioplegias were administered intermittently to protect the myocardium. Noradrenaline was used to keep mean arterial pressure at 50-80 mm Hg during the CPB. Haematocrit was maintained above 0.20 during the CPB and above 0.25 after weaning from the CPB. The patients were near to being normothermic throughout the whole procedure.
The goal for haemodynamic support was to maintain central venous saturation (ScvO 2 ) above 55%. CVP was maintained at the level of 10-15 mm Hg by infusing saline and Ringer's solution. Mean arterial pressure after weaning from CPB was maintained at between 60-90 mm Hg with the aid of noradrenaline or sodium nitroprusside when needed. Dobutamine was administered if ScvO 2 was less than 55% or lactataemia occurred after volume loading. After the optimization of haemodynamics, furosemide was administered if diuresis was less than 1 mL kg -1 h -1 .
The sample size used in the study was based on our previous studies [8] . Using a 2-sided alpha of 0.05; a 1.5 kg difference in weight gain on the first postoperative morning can be detected with a power of 80% with 17 patients in both study groups. In case of drop outs, we decided to take 25 patients in each group. Binominal data were analysed with the Fisher's test. Pairwise comparisons were done with the t-test or the Mann-Whitney U-test if needed. A P-value < 0.05 was considered significant. The data were analysed using IBM SPSS Statistics 20.0. 
Results
The predetermined number of 50 adult male patients was randomized in the study. Two patients were excluded from the study as the operation plan was changed in the operation room (valve surgery and off-pump surgery). Another six patients were excluded from the analysis because of postoperative bleeding requiring reoperation. In the final analysis, there were 21 patients in both study groups. Demographic data, operative data and fluid input and output are shown in Table 1 . Eight patients in the control group and seven patients in the HS-HES group received red blood cells (NS). Seven patients in the control group and four patients in the HS-HES group received furosemide (NS). The body weight change from the baseline to the first postoperative morning was significantly less in the HS-HES group compared to the control group (3.3 ± 1.5 kg vs. 4.4 ± 1.5 kg, P = 0.022) (Fig. 1 ). There were no differences between the groups in the haematocrit, NT-pro-BNP or pH values ( Table 2 ). The maximum plasma sodium (p-Na) was higher in the HS-HES group (145.9 ± 1.9 vs. 141.1 ± 2.9, P = 0.000). P-Na was still higher in the HS-HES group on the first postoperative morning although the mean values were within normal limits in both groups (141.9 ± 2.8 vs. 139.1 ± 3.4, P = 0.007). There were no significant differences between the groups in the ECW or ECW-balance values as well as in haemodynamic data (Table 3) . Pulse wave velocity was slightly higher in the HS-HES group one hour after the end of surgery (P = 0.050). There were no adverse events reported as drug-related in either study group.
discussion
Our results show that fluid accumulation during cardiac surgery can be reduced using hypertonic saline-hydroxyethyl starch solution: weight gain in HS-HES group was statistically significantly less compared with the control group. The patient's weight takes into account all factors affecting overall fluid balance: fluid input, diuresis, evaporation and blood loss. Kvalheim et al. [9] have also shown that the infusion of hypertonic saline/starch solution during a cardiopulmonary bypass reduces fluid overload [9] . They infused hypertonic saline-hydroxyethyl starch solution 1 mL kg -1 h -1 for four hours which resulted in a lower fluid gain until the next morning compared with the control group receiving the same amount of Ringer's solution. Parrinello et al. [10] have shown HS to be beneficial also to patients with acute decompensated heart failure: the addition of HS The intravascular hypertonic benefit of HS is fairly short-lasting as a result of the redistribution of fluid between the body compartments. The effect can be extended if a colloid component is added into the solution. According to the European consensus statement, HES and gelatine are not recommended in patients with a risk of acute kidney injury, with cardiac surgery patients most likely belonging to this patient group [11] . Therefore, the use of HS-HES solution should be used only after careful evaluation by a clinician. Considering the small amount of HES (250 mL) in this HS-HES solution, a single dose may be justified by its positive effect on overall fluid balance. Van Haren et al. [12] showed a reduction in the need for on-going fluid resuscitation in patients with septic shock after HS administration [12] .
Although the amount of sodium chloride infused in the HS-HES-group is fairly high and could potentially cause acidosis, in our study there was no difference between the groups in pH-values. In fact, high sodium levels have been suggested to be beneficial for the heart after short-term global ischaemia. It was shown that in a porcine model of orthotopic heart transplantation, hypertonic saline treatment attenuates posttransplantation cardiac allograft dysfunction and improves haemodynamics [13] . Infusion of 7.5% NaCl in a clinically relevant dose causes only minor changes in the acid-base balance in normovolaemic women [14] . This is in line with our study. Another animal study showed an increase in cortisol levels, suggesting that hypertonic saline infusion could be useful in critical care resuscitation, particularly in patients who are suffering from relative adrenal insufficiency [15] . Cardiac surgery certainly requires adequate stress hormone levels.
The timing of the HS-HES infusion in our study was designed to help weaning from CPB. By infusing the HS-HES solution at the time of aortic declamping, the maximum effect on plasma volume is achieved at the time of weaning from CPB. This timing may offer an extra advantage to the postischaemic heart. Harada et al. [16] reperfused postischaemic isolated dog hearts with hypernatremic perfusate and found that it ameliorated postischaemic dysfunction by preventing an increase in intracellular Ca 2+ ,whereas in the control group an increase in intracellular Ca 2+ caused arrhythmia and decreased Ca 2+ responsiveness of the contractile elements. In our study, the pulse wave velocity was slightly higher in the HS-HES group one hour after the end of surgery. As a short term change, a higher pulse wave velocity reflects a higher tonicity of the vascular wall, which is most likely due to a higher intravascular volume. This was supported by CVP, which had a trend towards higher values in the HS-HES group although the difference was not statistically significant.
In our study, ECW did not differ between the groups despite the difference in patients' total body weight. The extra fluid accumulation in the control group was, therefore, probably mostly intracellular oedema. Our study, however, was not designed to detect the effects of intracellular oedema.
Bakker et al. [17] have shown that increased CPB time is an independent predictor of delirium after cardiac surgery. As the CPB time increases, fluid extravasation and oedema also increases in the brain. Hypertonic saline has been shown to decrease intracranial pressure (ICP) in traumatic brain injured patients without any rebound on infusion discontinuation [18] . Kvalheim et al. [19] found that in the animal group receiving hypertonic saline/dextran solution ICP remained stable during CPB, whereas an increase was observed in the control group. HS could, therefore, be beneficial to cardiac surgery patients with long CPB times.
There are several limitations in our study. The examined patients do not represent all cardiac surgery patients as we made an attempt to limit the great variability in heart conditions (the type of surgery and preoperative cardiac function). In this way we could also limit the variability in CPB times, which has a significant impact on fluid accumulation. The dose of HS-HES was not calculated according to patient size: we recognised that 250 mL is a clinically relevant for an adult patient. Obtaining haemodynamic data and fluid balance with whole-body impedance cardiography has several limitations in this setting, namely sternotomy, chest tubes, fluid in the pleural cavity etc. This may partly explain why ECW did not differ between the groups despite the difference in total body weight. Moreover, although CVP is far from being an optimal marker for volume status, in clinical settings it is an on-line measurement that can be used for awake patients, as well as for those intubated.
In conclusion, our study shows that 250 mL of HS-HES solution can reduce perioperative fluid accumulation in patients undergoing CABG surgery with cardiopulmonary bypass.
